The Mizoroki-Heck coupling of 1-bromopyrene with acrylates provides a convenient access to a variety of 3-pyrenylacrylates in very good yields (up to 93 %). Their photophysical properties combined with solvatochromic effects were studied. In addition, electrochemical oxidation potentials were determined by DPV (differential pulse voltammetry) measurements. The fine structure of the absorbance spectra obtained from photophysical measurements are compared with the results of theoretical calculations performed by time dependent TD-B3LYP methods using the 6-31G* basis set.
Introduction
Pyrene is a thoroughly investigated and important organic chromophore. Its photophysical properties [1 -5] and its supramolecular chemistry [4 -9] have been widely studied. Structural modifications [10] allow for many applications, which include the development of fluorescent dyes [11] , molecular electronics [2, 12] , optical sensors [13] , fieldeffect transistors [13] and photovoltaic cells [14, 15] . A wide range of fabrication techniques in combination with modern synthetic methods allow for the development of new materials which meet special demands and applications. Vinylated pyrene derivatives are monomers for the synthesis of specific polymers containing a pyrene fluorophore attached to the polymer backbone [16 -19] . Pyrene acrylic acid (PAA) and its methyl ester have been synthesized previously by Knoevenagel condensation (Doebner modification) starting from 1-pyrene carboxaldehyde. They were used as probes to monitor polymerization and surface properties by spectroscopic methods [20] . PAA was applied as an excellent label for tagging polyelectrolytes with a fluorescence probe by copolymerization [21] . The synthesis and photophysical properties of 1-ethynylpyrenes and 1-arylpyrenes have been previously studied as well. They were prepared by Sonogashira and Suzuki-Miyaura cross-coupling reactions of halogenated pyrenes and characterized with regard to their absorption and emission spectral properties [2, 3, 22] . In this respect, the fluorescence properties of the parent pyrenes are well known to be characterized by long excited-state lifetimes and distinct solvatochromic shifts. For example, Marder et al. recently reported the unique range of photophysical and structural properties of 2-and 2,7-pyrene deriva- tives which differ from those of the more traditional 1-substituted pyrene derivatives by high fluorescence quantum yields and long fluorescence lifetimes [23] . Recently, we have reported the synthesis of 1-(arylalkenyl)pyrenes by application of the MizorokiHeck coupling reaction. Selected alkenylpyrenes, containing electron donor or electron acceptor substituents, were studied regarding their absorption, emission, and electrochemical properties. The fine structure of the absorption spectra was compared with the electronic states derived from theoretical calculations [24] . As an extension of our previous work [24] we herein report the synthesis of a set of 3-pyrenylacrylates and their photophysical and solvatochromic properties (Scheme 1) [25] . In addition, DPV measurements were carried out to determine the potential values. For a better understanding of the electronic situation of the molecules, calculations were carried out using the B3LYP TD-DFT method with a 6-31G* basis set. We studied in detail the physical properties of one derivative, e. g. (E)-iso-butyl 3-(pyren-3-yl)acrylate. Since no dramatic changes within the series of different esters in their general properties were observed, we compared the data of this example with those of a series of 1-(arylalkenyl)pyrenes which were recently prepared by us [24] .
Results and Discussion

Synthesis
The Mizoroki-Heck reaction of 1-bromopyrene 1 with acrylates 2a-j (1.2 equiv.) afforded the 3-pyrenylacrylates in good to very good yields (Scheme 1, Table 1 ). The reaction conditions were thoroughly optimized. The best yields were obtained when the reaction was carried out using Pd(OAc) 2 (5 mol-%), the biarylmonophosphane ligand XPhos (10 mol-%) and with the reaction carried out in DMF at 60 • C for 6 hours. It was observed that the yields significantly decreased when the temperature or reaction time was increased. The structures of all products were confirmed by spectroscopic techniques (NMR, IR spectroscopy, mass spectrometry).
Photophysical properties Absorption
We focussed our work on one representative derivative, e. g. (E)-iso-butyl 3-(pyren-3-yl)acrylate. The electronic absorption spectrum of 3d shows characteristic patterns which are similar to those in the absorption spectrum of the parent pyrene ( Fig. 1) [25, 26] . In earlier studies it was pointed out that the shape of electronic absorption spectra of these classes of compounds depends strongly on the pyrene-type backbone [2, 24] . While the bands in the spectrum of parent pyrene occur at 1 B a : 241 nm, 1 B b : 273 nm, and 1 L a : 335 nm [26] , the 1 L a band in the spectra of pyrenylacrylate appear at higher wavelengths. This can be explained by the extension of the conjugated π electron system. The spectrum of 3d, shown in Fig. 1 contains four bands which have their maxima at 199, 234, 277 and 348 nm. Considering that the electronic structure is similar to that of pyrene, the latter three bands can be assigned using Platt's nomenclature as 1 B a transition (234 nm), 1 B b transition (277 nm) and 1 L a transition (348 nm). All bands except the band of the 1 L a transition occur at similar wavelengths like the bands in the spectra of the 1-(arylalkenyl)pyrenes ( 1 B a : 233 -238 nm, 1 B b : 278 -289 nm, 1 L a : 372 -374 nm) [13] . Furthermore the band of the 1 L b transition is absent under the selected analysis conditions. All bands in the spectrum of Fig. 1 show a distinct fine structure which can be ascribed to vibronic bands. Planar molecules like trans-stilbene and pyrene show such vibronic bands in their electronic absorption spectra as well, while the spectrum of the less planar cis-stilbene does not show such bands [3, 26] . The vibronic bands in the spectrum of 3d are more distinct than in the spectra of 1-(arylalkenyl)pyrenes [24] . Hence, it is likely that 3d has a more planar structure in liquid phase than 1-(arylalkenyl)pyrenes.
Emission
For further photochemical charactization, the emission spectrum of 3d has been measured in selected solvents (Fig. 2) . The spectrum of 3d measured in nhexane shows one broad band with a maximum at 434 nm and a shoulder at 418 nm. The asymmetric shape of the band indicates that there are more transitions above 450 nm. However, the bands are superposed by each other which prevents making proper assignments. In general the emission spectrum shows fewer details than the spectra of ethynylpyrenes [2] or 1-(arylalkenyl)pyrenes [24] . The absorption spectrum contains a distinct fine structure but the emission spectrum in n-hexane has less fine structure as in case of 3d. In contrast, when the absorption spectrum shows a less pronounced fine structure, like in case of the 1-(arylalkenyl)pyrenes [24] , the emission spectra show a more distinct fine structure. This might be an effect of the formation of intermolecular hydrogen bonds between solvent and substrate [27] or of intramolecular charge transfer between the pyrene-type base which depends on the dipole moment of the substrate [2] . Both effects should be favored when the substituent is a polar group like the ester group in case of 3d. However, the observed bands in the emission spectrum of 3d in n-hexane occur at similar positions as the corresponding bands in the spectra of the 1-(arylalkenyl)pyrenes which appear at 418 ± 1 nm and 442 ± 1 nm, respectively.
Finally solvatochromic studies in selected solvents have been performed for the elucidation of intermolecular dipole-dipole interactions that affect the emission spectra. Fig. 2 shows how the maximum of the band in the spectrum of 3d is shifted to higher wavelengths due to change of the solvent. The lowest value is observed in n-hexane with 434 nm while the highest value with 454 nm occurs in DMSO. The fine structure of the band disappears as the maximum is shifted to higher wavelengths.
Surprisingly the band shape in the spectrum of 3d measured in n-hexane is different from the band shapes of the spectra of 3d measured in ethyl acetate, dioxane and THF. In n-hexane a distinct shoulder appears at 418 nm and the maximum of the band occurs at 434 nm. The shoulder and the maximum are shifted to longer wavelengths when the solvent is changed. Interestingly the shoulder becomes more intense in ethyl acetate, dioxane and THF while the intensity of the max-imum decreases simultaneously. As a result in these solvents the position of maximum and shoulder are interchanged so that the band maximum appears at shorter wavelengths than the respective shoulder. Due to the loss of fine structure there are no shoulders to be observed in dichloromethane, DMF, acetonitrile or DMSO.
The analysis of the spectra shows that the solventsubstrate interactions are complex. Solvent-substrate interactions are mainly described as dipole-dipole interactions [28] , a more exact description based on nonempirical constants is difficult [29] . A proper prediction of solvent effects is neither possible based on terms of simple physical solvent characteristics, nor on theoretical expressions which could be used for calculations. Hence, most solvent effects are described on the basis of empirical parameters of solvent polarity. The importance of the parameters introduced by Kamlet and Taft [28] to explain solvatochromic shifts has been demonstrated successfully in case of ethynyland 1-(arylalkenyl)pyrenes [2, 24] . In both studies, the influencing factor was the polarity/polarizability π * . The shift to longer wavelength increases with increasing value of π * . Referring to Fig. 2 the solvatochromic shift in the spectra of 3d can also be assigned to π * . The value of π * is −0.08 in n-hexane and +1.00 in DMSO. However, the spectra measured in acetonitrile (π * = 0.75) shows a greater solvatochromic shift than the spectra measured in dichloromethane (π * = 0.82) or DMF (π * = 0.88). Although π * is adequate to explain the loss of fine structure, there is no explanation for the peculiar band shape evolution in solvents like ethyl acetate, dioxane or THF. For these solvents the value of π * is about 0.55 which is lower than the values for the previously mentioned solvents, but still higher as compared to n-hexane. The analyses of the remaining solvent parameters of Kamlet, of Taft's α and β (see Supporting Information for definition and for selected values of α and β ; see note at the end of the paper for availability) or of other constants like the dipole moment or the dielectric constant, all do not allow for a sufficient explanation of the observed peculiar band shape evolution
Electrochemical studies
Cyclovoltammetric and DPV (Differential Pulse Voltammetry) measurements were carried out to determine the electrochemical activity and the potential values of 3d in comparison to the precursors pyrene and 1-bromopyrene. The oxidative DPV of 3d exhibits three oxidation peaks. Two of them can also be found in the DPVs of the precursors (cf. Fig. 3) .
The oxidative peaks of pyrene are located at 1.42 and 1.58 V. In case of 1-bromopyrene, containing the electron-withdrawing bromine substituent, a shift of these peaks to positive potentials (1.50 and 1.60 V) can be observed. The second oxidation peak of 1-bromopyrene is not well developed and can only be detected as a shoulder of the first oxidation peak. The acrylate substituent of 3-pyrenylacrylate 3d does not seems to have a strong electron withdrawing effect and, therefore, the oxidative peaks are found at 1.45 and 1.62 V (only weakly developed). The third oxidation peak at 1.33 V results from the influence of the acrylate group. A comparison with the formerly investigated 1-(arylalkenyl)pyrenes [24] (Fig. 3) reveals that the bestdeveloped oxidative peak between 1.0 and 1.2 V can not be found for 3-pyrenylacrylate 3d. This peak is assigned to the oxidation of the aryl system.
Computational studies
Exploring the geometric and electronic structure of the molecules, we carried out density functional theory (DFT) calculations, using Becke's three parameter set with Lee-Yang-Parr modification (B3LYP) and the 6-31G* basis set for geometry optimization [30 -32] . Furthermore, for the calculation of the excitation energies we used the TD-DFT method with the B3LYP functional. The 6-31G* basis set is basically small, but it yields a better fit of excitation energies to the experimental data than higher basis sets. The latter ones result in a stronger red shift of the bands in the absorbance spectra.
The geometry optimization reveals -as shown in Fig. 4 -that product 3d is not planar: The pyrene groups is, due to steric effects, twisted against the ethylene group which was also observed for 1-(arylalkenyl)pyrenes in our previous study [24] . As the calculations refer to the gas phase, the structures in solution might be different.
The dipole moment of 2.5 D is relatively high and is the reason for strong intermolecular interactions in solution. We have shown in our previous study [24] that the fine structure in the emission spectra is sensitive to the polarity/polarizability π * of the solvent. In solvents with low values of π * , intermolecular dipole-dipole interactions provoke the loss of fine structure in the spectra. However, in the present study, none of the emission spectra, recorded in different solvents, possess a fine structure. Obviously, the strong dipole moment of 3d causes strong substrate/solvent interactions and, therefore, a loss of the fine structure in the emission spectrum is independent from the polarity/polarizability π * of the solvent. The excitation energies and the corresponding oscillator strengths were determined by using the TD-B3LYP method (Table 2, Fig. 5 ). The resulting spectrum and its decomposition were calculated as it is described in our previous work [24] . TD-DFT excitation energies are typically slightly redshifted with respect to the experimental data [33] . The lowest excitation state, which is assigned to band 1 L a (according to the notation in Fig. 1 ) appears at about 391 nm. One significant contribution (cf. red dashed lines in Fig. 5 ) of this band can be assigned to the HOMO-LUMO or π-π * transition.
In contrast the wavelength of the bands 1 L a , 1 B b , 1 B a and II of the 1-(arylalkenyl)pyrenes are blueshifted by about 10 -20 nm [24] . Hence, the spatial distribution of the delocalized π systems of the 3-pyrenylacrylates, which contain no phenyl group, is smaller than that of the π systems of the 1-(arylalkenyl)pyrenes and affects the excitation energies significantly. Furthermore, the NBO [34 -40] 2 nd order perturbation calculation shows that the interaction energy between the bonding orbitals of the ethylene group and the antibonding orbitals of the carbonyl group is about 21 kcal mol −1 while the strongest interaction energy between this ethylene group and the pyrenyl group is about 9 kcal mol −1 . Therefore, the electron withdrawing carboxy group hinders the formation of a delocalized π system over the entire molecule. Thus, the ethylene group interacts predominantly with the carboxy group forming a planar unit.
Conclusion
In conclusion, 3-pyrenylacrylates were prepared by Heck reaction of 1-bromopyrene with acrylates in good to very good yield. DPV measurements were used to study their electrochemical behavior. Similar to our former results with 1-(arylalkenyl)pyrenes [24] the oxidation potentials exhibit a dependence on the nature of the substituent. The photochemical investigations have shown that the selected 3-pyrenylacrylate 3d has similar properties as the 1-(arylalkenyl)pyrenes of our last study [24] . Comparing the absorption spectrum of 3d with the spectra of other pyrenyl derivatives like ethynylpyrenes [2] or 1-(arylalkenyl)pyrenes [24] it has turned out that the band of the 1 L a transition is sensitive to the size of the conjugated π electron system which is introduced by substituting the pyrene moiety. By contrast the bands of the other transitions like 1 B a and 1 B b , are less affected by the size of the conjugated π electron system. The TD-DFT calculations and the NBO analysis have confirmed that -compared to the 1-(arylalkenyl)pyrenes -the conjugated π electron system of the title compounds is smaller and more separated. The shape of the fine structure occurring in the absorption and emission spectra seems to be also strongly dependent on the class of the substituent. The DFT calculation gave a high dipole moment of 2.5 D of the molecule, which seems to be the reason for the missing fine structure in all spectra of 3d recorded in selected solvents. The observed solvatochromic shifts are similar to those observed for other classes of substituted pyrenes.
Experimental Section
General comments
All reactions were carried out in oven-dried pressure tubes under argon atmosphere. Pyrene, palladium(II) acetate, the 2-dicyclohexylphosphanyl-2 ,4 ,6 -tri-isopropyl biphenyl ligand (XPhos) and the corresponding acrylates were purchased from a Aldrich. Dry solvents (DMF, DCM) were purged with argon before use. K 2 CO 3 was purchased from Aldrich, dried and mortared before use. Thin layer chromatography (TLC) was run on Merck precoated aluminum plates (Si 60 F 254 ). Column chromatography was performed using Merck Silicagel 60 (0.043 -0.06 mm). NMR data were recorded on Bruker ARX 300 and ARX 400 spectrometers. 13 C and 1 H NMR spectra were referenced to signals of deuterated solvents and residual protonated solvents, respectively. Gas chromatography-mass analysis was carried out on an Agilent HP-5890 instrument with an Agilent HP-5973 Mass Selective Detector (EI) and an HP-5 capillary column using helium as carrier gas. ESI HR-MS measurements were performed on an Agilent 1969A TOF mass spectrometer. All UV/Vis spectra were recorded on a Lambda 5 (Perkin Elmer) spectrophotometer with a concentration of c = 10 −6 mol L −1 . All fluorescence spectra were recorded on a Hitachi F-4010 fluorescence spectrophotometer using similar solution concentrations in various solvents.
DPV studies
Studies were performed at room temperature in dry DMF under argon atmosphere in the presence of tetrabutylammonium tetrafluoroborate (0.1 mol L −1 ) as conducting salt using an Autolab (PGSTAT 302N, Eco Chemie). The working electrode was a platinum disk electrode (Eco Chemie, d = 2 mm), the counter electrode a laboratory-made Pt plate electrode. Via 3 M KCl salt bridge the reference electrode Ag/AgCl/3 M KCl (Sensortechnik Meinsberg GmbH) was connected. All potentials mentioned in this paper were measured with regard to this reference system and were checked by using the ferrocene/ferrocenium internal reference system. The CV scans were done three times at a scan rate of 25 mV s −1 . The differential pulse voltammograms were performed in oxidative and in reductive direction with a scan rate of 5 mV s −1 (step potential 2.5 mV, modulation amplitude 25 mV, modulation time 0.05 s, interval time 0.5 s). Concentrations of 1 mmol L −1 analyt were used for the measurements.
Theoretical calculations
The optimization of the structures and electrostatic potential surface were calculated with the 6-31G* basis sets and the Becke3LYP density functional method [31, 32] by using the GAUSSIAN 09 package [30] . For the B3LYP method the Becke-3 parameter gradientcorrected exchange functional is combined with the gradient-corrected correlation LYP functional by Lee, Yang and Parr. No imaginary frequencies were found indicating that all geometries represent at least local minimum structures on the potential energy surface. The calculation of the 30 electron transition states requires the solution of the timedependent Schrödinger equations and was carried out by using the time-dependent density functional theory (TD-DFT) method with the B3LYP functional. Orbitals and energies, atomic charges, vibrational modes and thermodynamic properties were chosen as output parameters. HOMO and LUMO orbital surfaces and electrostatic potential density maps were then obtained from the output. Additionally we calculated the natural atomic charges by applying the NBO program [41, 42] as implemented in GAUSSIAN 09 [30] . All calculations have been carried out on the HPPC cluster in Rostock.
Synthesis of 1-bromopyrene (1)
The synthesis of 1-bromopyrene was carried out after a known literature procedure [43] To a stirred solution of pyrene (2.02 g, 10.0 mmol) and hydrobromic acid (1.24 mL, 48 %, 11.0 mmol) in methanol-ether (20 mL, 1 : 1) was slowly added hydrogen peroxide (0.34 g; 0.86 mL of a 35 % aqueous solution; 10 mmol) over a period of 15 min at 10 -15 • C. The reaction was left at room temperature for 14 h while its progress was monitored by TLC. After the completion of monobromination, the solvent was removed under reduced pressure and the crude product was taken up in ethyl acetate and washed with water and brine and dried over anhydrous sodium sulfate. The pure product was isolated by column chromatography on silica gel to get pure 1-bromopyrene as a slightly yellow solid (95 %, 2.67 g).
General procedure for the synthesis of 3-pyrenylacrylates 3
Palladium(II) acetate (5 mol-%) and XPhos (10 mol-%) were placed under argon atmosphere in a pressure tube and 5 mL of DMF was added. After stirring for 15 min, 1-bromopyrene (1), the acrylate 2a-j and K 2 CO 3 were added. Subsequently, the mixture was heated at 60 • C for 6 h. To the mixture were added water and CH 2 Cl 2 (20 mL) and the organic and the aqueous layer were separated. The latter was extracted with CH 2 Cl 2 (2 × 20 mL). The combined organic layers were dried (Na 2 SO 4 ), filtered and the filtrate was concentrated in vacuo. The residue was purified by column chromatography (n-hexane-ethyl acetate) to afford 3.
(E)-Methyl 3-(pyren-3-yl)acrylate (3a)
Starting with 1 (100 mg, 0. 
(E)-Butyl 3-(pyren-1-yl)acrylate (3c)
Starting with 1 (100 mg, 0.35 mmol), 2c (68.0 mg, 0.53 mmol), Pd(OAc) 2 (5 mol-%, 4.3 mg, 0.017 mmol),
